Abstract-In thermal processes, thermal distribution on a heating plate is observed in both steady and transient states. Recently, uniform temperature control is extremely required in many industrial application fields for quality improvement. Conventional decoupling control based on a black-box model is cheap for the control of thermal plant with strong interference. In this paper a novel model with feedback structure that expresses the thermal interaction explicitly and its application to decupling control are proposed. Firstly, the cell model is derived based on physical conservation law, and is applied to experimental plant, and the thermal distribution is simulated using the FEM method. The design of the decoupling controller using the proposed model is shown and the effectiveness is evaluated.
I. INTRODUCTION
Recently, advanced manufacturing processes, including those for flat panel displays (FPDs), semiconductor devices, and precision moldings, require highly accurate temperature control due to the increased demands of further miniaturization of circuit pattern and of larger thermal operation areas. In these manufacturing processes, uneven temperature distribution may not only deteriorate the electrical quality of the products, but also lead to mechanical deformation or breakdown including warping or cracks in the product. In thermochemical reactions involved in insulator layers in semiconductor devices, the layer thickness is determined by duration in which the silicon plate stays in the temperature target range where the reaction is stimulated. In this process, the maintaining a uniform temperature is required not only in the steady-state, but also in the transient state [1] , [2] .
To deal with these problems, a heating plate with multiple heaters is often used to eliminate thermal interference. Conventional control system designs often use transfer function models based on input-output relationships [2] , [3] , [4] , [5] . However, thermal distribution is more complex as the thermal operation area increases, and it is extremely difficult to adjust transient response. Therefore, to control the multiple heated plate, modeling and design technique of the controlled object will be important. Generally, thermal processes are distributed parameter systems and we should represent the controlled object as partial differential equations. Unfortunately, this approach involves cumbersome tasks for handling partial differential equations, and it is often difficult to apply the models to actual control system designs. Therefore, modeling techniques that treat the controlled object as a simple linear model have been used in industrial applications.
Representative approaches to obtain approximation methods of distributed parameter systems are as follows: matching the controlled object to a lumped system, directly approximating partial differential equations, and approximating to a lumped system in the formulation [6] . Methods used to match the controlled object to a lumped system include techniques for identifying parameters using a leastsquare method and approximating the controlled object to a low degree transfer function based on transient responses. Models obtained by using these methods are referred to as black-box models [2] . In black-box modeling, the physical structures of the controlled object are ignored and the parameters are matched with the transfer function assumed to represent the controlled object [5] .
It is supposed that controller adjustment is required to compensate for cheep descriptive ability of models. Especially, rich know-how is required to adjust transient responses in multi-variables interference systems. In addition, the know-how works based on information about the arrangement of the heaters and sensors on the controlled object and the overall physical structure. Therefore, it is difficult to extend such know-how to general adjustment algorithm.
Methods of modeling by directly approximating partial differential equations often make modeling errors emerge as spillovers [7] . To overcome the spillovers, modeling knowhow is required and cannot be generalized without difficulty. In the method of approximation in the formulation, a distributed system is divided into some cell models [2] which are represented by the lumped systems. Cell models are advantageous in that they can describe the system as a linear system while retaining its physical structure, but few have been applied to temperature control systems. This paper proposes a new model that explicitly represents thermal interference with temperature distribution in order to serve the purpose of controlling transient responses. It also proposes a decoupling scheme using the proposed model and applies to the experimental system. At first, the model of the controlled object with small cells based on the physical energy conservation law is obtained and a model that explicitly represents thermal interference is derived. Secondly, the dynamics of actual heating plates with temperature distribution to verify the validity of the model is investigated. Finally, a new decoupling controller based on the proposed model is derived and its effectiveness is demonstrated via simulations.
II. THERMAL PROCESS MODEL WITH A
FEEDBACK STRUCTURE It is well known that thermal processes are generally distributed parameter systems. In this paper, we use a cell model that approximately represents a thermal process. For simplified discussion, consider a heating plate consisting of two small volumes. We assume that the temperature distribution in each cell is uniform and that the temperature in the cell is constant. This means that the controlled object can be treated as two concentrated heat capacity models. As shown in Fig.1 , the controlled object is divided into two equal-volume cells with a cross section and a cell-to-cell, where a heater is connected to each cell. 
A. Physical model of the controlled object
The thermal dynamics of the model is determined by the change in the internal energy of each cell, cell-to-cell heat conduction, and heat transfer between the cells and the outside [8] . Assuming that the cells are uniform objects with a volume of V i , the change in the internal energy of the cell is given by the following equation from the energy conservation law:
where Q i∞ and Q ij is the heat flow from cell i to cell j, respectively. θ i is the cell temperature, c and ρ are the specific heat and density of the cell, u i is the duty ratio of heater operation, and H i is the conversion coefficient from the duty ratio to heat power. The heat flow Q ji from cell j to cell i is given by the following equation from Fourier's law:
where λ is the thermal conductivity, A s is the cross sectional area, and d is the distance between the heaters. The heat flow Q i∞ is given by the following equation from Newton's cooling law:
where θ ∞ is the environmental temperature, A i and h i are the surface area and heat transfer coefficient of cell i, respectively.
From equations (1) to (3), the controlled object can be represented by the block diagram shown in Fig. 2 . In this figure, the following equations hold:
where E i is the heat capacity. β and α i are the inverse of the thermal resistance between the cells and one from the cell to the environmental temperature, respectively.
Fig. 2. block diagram of 2-cell model
In addition, since θ ∞ is the cell's environmental temperature, generality is not lost when it is assumed to be 0 o C. Therefore, Fig.2 is simplified to Fig.3 . The transfer functions in the figure are as follows: Fig.3 shows a model in which the temperature difference is fed back to the input via β, i.e., the model explicitly includes thermal interference involved in the thermal process. We shall call this model "the temperature difference model (TDM)", because it is a cell model in which temperature difference is explicitly fed back. 
B. Transfer function of the TDM
The transfer characteristics of the input-output relationships in Fig.3 are described as follows:
with
Substituting equation (5) into the above equations, we obtain
:
III. EXPERIMENTAL VERIFICATION OF THE TDM
In previous section, small volume cells are assumed and the TDM is derived. In this section, we apply the TDM to experimental plant with the finite volume cells so as to evaluate the validity of the model.
A. Structure of the heating plate
Experimental heating plate emulates a heating plate for semiconductor device manufacturing processes on which a product would stay for a certain time. As shown in Fig.4 is alternately applied to the CH1 and CH2 heaters. Analysis using the finite element method (FEM) software package ANSYS is conducted to determine the temperature distribution at each location [9] , [10] . The entire region is divided into 917 cells using the auto-mesh function. Transient thermal analysis is conducted on the assumption that the ceramic heater generates heat uniformly. Fig.5 shows the experimental data and the response characteristics obtained from FEM simulations. In the figure, the power to CH1 is increased to 8[W ] from 400 to 2800[s] and the power to CH2 is increased to 8[W ] from 5200 to 7600 [s] . From the figure, it is demonstrated that increasing the input to each channel varies the temperature of the other channel, thus producing a thermal interference effect. Meanwhile, temperature at the steady state is slightly increasing with time because of the increasing environmental temperature due to the heat from the heater. As it is clear that FEM simulation agrees well with the experimental result, we shall rely on FEM simulation results to assess the temperature distributions. Fig.6 shows the difference of heat flux vector at 900[s] using FEM simulation. Since the heat flux vector should be symmetrical with respect to the longitudinal center axis theoretically, the figure shows the heat flux vector on one half of the heating plate. From the figure, it is obvious that heat flows from CH1 to CH2 and the norm of vector depends on the distribution of the temperature. This result implies that the thermal interaction β exists on the heating plate. Also, Fig.7 shows the heat flux vector on one half of the heating plate. Norm of vectors at CH1 is about 1.2 times of Fig.6 . These figures imply that the heat flow from the CH1 to CH2 works as a negative feedback to the CH1 input. From above discussion, it is confirmed that the structure of TDM represents the physical characteristic of the heating plate. 
C. Parameter identification of controlled object
The TDM parameters were identified from the inputoutput data as follows.
where parameters K 1 , K 2 , and β were obtained from the steady state characteristics represented by equation (9) and parameters T 1 and T 2 were obtained from the dynamic interference characteristics H ij . Fig. 8 shows the obtained experimental data and TDM response. From the figure, TDM model can express the characteristics of experimental system very well. 
IV. DYNAMIC CHARACTERISTICS OF THE TDM
The parameters of the TDM are represented by equations (5) to (8) . When this model is extended to the finitevolume model that involves temperature distribution, approximation errors arise. In this section, we compare the parameters calculated on the TDM and the parameters identified based on the input-output relations in order to clarify the dynamic characteristics.
A. Approximation of the controlled object
The parameters based on equations (5) to (8) and the parameters identified based on the input-output characteristics are compared. The Table II indicates that no significant difference is observed in parameters K i and β, whereas time constant T i errors are significant. In the small volume model, the following relation holds between K i and T i based on equations (6) and (7):
where the suffix " sc " is the calculated value based on the small volume model. Therefore, whether the TDM can provide a good approximation or not can be judged according
where "
io " is the value identified based on the input-output data and should be a small value. In case of the experimental plant, the value of maximum of MC i is 95.0, and it is supposed that the value is not sufficiently small. This means that it is difficult to represent the controlled object exactly with a small volume model. It is therefore necessary to use values identified based on input-output data for parameters of the TDM representing the experimental plant.
The discussion above leads to the conclusion that the TDM can well represent the dynamic interference characteristics of the controlled object because it divides the characteristics of the controlled object into two features: one is represented by the interference term β which is relatively independent of the temperature distribution and the other is the dynamic characteristic T i in which the effect of temperature distribution is involved.
B. Frequency characteristics of the TDM
Equation (9) indicates that the transfer function H ii is represented by a second order system with two real poles and one zero, whereas the transfer function H ij does not have any zero. Actually, the poles of H 11 are
and the zero is
Poles of H 22 are the same as ones of H 11 , and the zero is given by the following equation.
If heaters and sensors with the same characteristics are collocated on two cells of the same size, the parameters are assumed as K 1 = K 2 = K and T 1 = T 2 = T . In the case, the poles are at (s 1 , s 2 ) = (−1/T, −(1 + 2Kβ)/T ) and the zero is at z 11 = z 22 = −(Kβ + 1)/T .
The TDM represents interference as a layout of poles and zero. As such, it is considered to be more capable of describing interference related characteristics than blackbox models. Fig.9 shows the frequency characteristics from u i to θ i . This figure shows that since typical frequency characteristics cannot be obtained because T i is large on the experimental system used in this study, the dynamics can be well approximated by a first order system.
V. DECOUPLING CONTROLLER BASED ON
THE TDM A new decoupler design is proposed as an example of control system designs based on the TDM. As shown in Fig.2,   Fig. 9 . Bode diagram of proposed model the TDM have interference represented explicitly by β. Using this feature, the design includes a feedback structure in which a variable representing the temperature difference is fed back, as shown in Fig.10 .
As a consequence, the interference term β is cancelled. The input to output characteristics are represented by the following decoupled system.
The proposed decoupling controller based on the TDM is easy to handle because it is free from an inverse system included in conventional decoupler.
We will now discuss the usefulness of the proposed decoupling technique based on the TDM. The first step is to design the feedback gain H −1 i β using the parameters identified in the preceding section. The next step is to conduct a transient thermal analysis by obtaining time series data for input u in a distributed system and feeding the data to the FEM model. The thermal distribution at the time of decoupling is thus obtained. Fig. 10 . Decoupling control using proposed model Fig.11 shows the simulation results of decoupling effect based on proposed model and black-box model, respectively. For comparison, the traditional decoupling controller based on the black-box model is used [11] . The figure demonstrates that the proposed TDM exhibits decoupling performance superior to that of the traditional method. Also, Fig.12 shows the difference of heat flux vector on the heating plate. In the figure, difference of heat flow on CH2 is reversed and decoupling is achieved. 
VI. CONCLUSION
This paper has proposed the TDM that explicitly represents thermal interference to serve the purpose of controlling transient responses in a thermal interference system involving temperature distribution, and presented a technique for designing a decoupling controller based on the proposed model.
First, the cell model based on the energy conservation law on the assumption that the model consists of small volume cells was derived. Secondly, the small volume model was extended to a finite volume model and the model parameters were identified. The temperature distribution was clarified using FEM simulations. As a result, it was demonstrated that a simple decoupler using the TDM is as capable as the traditional decoupling method.
The TDM can well represent the dynamic interference characteristics of the controlled object because it divides the characteristics of the controlled object into two features: one is represented by the interference term β which is relatively independent of the temperature distribution and the other is the dynamic characteristic T i in which the effect of temperature distribution is involved. This paper assumed that the controlled object is treated as a one dimensional model and involves extremely short dead time. Regarding dead time, the scheme proposed here will not raise any problem as practical use because heating plates used for manufacturing of semiconductor devices tend to be remarkably thinner and the heater spacing is also narrow. It will be expected that the proposed model will be useful for actual applications.
Our future studies are handling of dead time in thermal interference systems, nonlinear characteristics, extension to two-dimensional models, and modeling techniques with non-collocation, among others.
